Background {#Sec1}
==========

Modern Illumina systems generate sequencing data with very high throughput and low financial cost. Illumina estimates that over 90% of sequencing data worldwide are generated on Illumina platforms. This data is characterized by a relatively short read length (100--300 bp) and a high accuracy (1--2% errors, mostly substitutions) \[[@CR1]\]. Data generated on Illumina platforms suffers from various sources of bias, most notably a higher number of sequencing errors towards the 3'-end of the reads and a non-uniform distribution of reads across the genome \[[@CR2]\].

Despite its short read length, Illumina data is often used for *de novo* genome assembly, sometimes complemented by data generated through other platforms. Most short-read assemblers first generate a de Bruijn graph from the input reads \[[@CR3]\]. This graph represents all *k*-mers that occur in the input reads and the overlap between them. As such, de Bruijn graphs are used to efficiently establish the overlap between individual reads. The original genomic sequence is then represented as some path through the de Bruijn graph.

The presence of sequencing errors significantly complicates this task: a single sequencing error in a read results in up to *k* erroneous *k*-mers in the de Bruijn graph. These *k*-mers create artifacts in the de Bruijn graph such as spurious dead ends, parallel paths and chimeric connections \[[@CR4]\]. Despite the low error rate, erroneous *k*-mers can vastly outnumber true *k*-mers, challenging the identification of the original sequence. To reduce the number of erroneous *k*-mers, trimming tools can be used as a primary solution to discard parts of each input read that have a per-base quality score below a user-defined threshold. However, this further reduces the read length and might aggravate the coverage bias.

Error correction tools (EC tools) on the other hand, try to identify and correct the sequencing errors. Often, this is achieved by generating a *k*-mer coverage spectrum from the input data and replacing poorly covered (and hence likely erroneous) *k*-mers by similar *k*-mers with a higher coverage. Sometimes, this process is further guided by using the per-base quality scores. Many standalone read error correction algorithms and implementations have been proposed for Illumina data, including ACE \[[@CR5]\], BayesHammer \[[@CR6]\], BFC \[[@CR7]\], BLESS \[[@CR8]\], BLESS 2 \[[@CR9]\], Blue \[[@CR10]\], EC \[[@CR11]\], Fiona \[[@CR12]\], Karect \[[@CR13]\], Lighter \[[@CR14]\], Musket \[[@CR15]\], Pollux \[[@CR16]\], Quake \[[@CR17]\], QuorUM \[[@CR18]\], RACER \[[@CR19]\], SGA-EC \[[@CR20]\] and Trowel \[[@CR21]\]. For a comprehensive overview of the characteristics of these EC tools and those for other sequencing platforms, we refer to \[[@CR22]\].

The key idea is that the prior application of EC tools on raw Illumina sequencing data provides assembly methods with cleaner input data and hence improves the quality of assembly both in terms of reduced fragmentation (i.e., longer contigs or scaffolds) and higher accuracy of the resulting assemblies. As a secondary goal, the prior use of EC tools may reduce the memory usage and the runtime of the assembly tool. This is useful when assembling larger genomes, a task that is typically quite resource-intensive.

Surprisingly, most EC tools are not evaluated on their ability to improve the quality of *de novo* genome assembly with modern assemblers, but rather directly on their ability to correct sequencing errors. Using simulated Illumina data, such an evaluation is straightforward as error-free data is known. In that case, the *error correction gain*, a metric that expresses to what degree the error rate is reduced, is used to describe the performance of EC tools. With real Illumina data, the error correction performance is typically assessed through the use of a read mapper: both corrected and uncorrected reads are aligned to their corresponding reference genome and various performance metrics are derived to express the reduction in mismatches in the respective alignments. EC tools that result in more aligned reads and/or alignments with fewer mismatches are assumed to be superior.

We argue that a lower average error-rate in the input data does not necessarily lead to better assembly results. First, the vast majority of sequencing errors are benign to the assembly process. For example, consider a sequencing error that gives rise to one or more erroneous *k*-mers that otherwise do not exist in the sequenced genome. In the de Bruijn graph, such sequencing error causes a spurious dead end or a short parallel path. These graph artifacts are easily detected and corrected for by many assembly tools assuming the corresponding true *k*-mers occur with sufficient coverage in the input reads. Only a relatively small fraction of sequencing errors is truly problematic, for example when they give rise to erroneous *k*-mers that do exist elsewhere in the genome. These errors thus give rise to spurious 'chimeric' connections between nodes in the de Bruijn graph that are otherwise distantly located in the original sequence. As such, they may result in misassemblies and/or shorter contig sizes. A second class of problematic errors are those that occur in regions with very low coverage. Such errors may render the assembly tool unable to detect overlap between reads because no *k*-mers are shared. Overall, an EC tool that is able to correct all benign sequencing errors and not a single problematic sequencing error might exhibit a high error correction gain but will not substantially improve the assembly process. Second, EC tools might introduce new errors in the sequence data. If such events are rare and unbiased, they may not pose a great threat to the assembly process. However, if EC tools systematically make the same mistake in a given context, the genome assembler may not be able to recover from this error.

Most state-of-the-art genome assembly tools have built-in algorithms to detect and handle sequencing errors, either directly or implicitly through a correction procedure on the de Bruijn graph. The prior use of standalone EC tools thus only makes sense if they outperform these built-in error correction algorithms. Table [1](#Tab1){ref-type="table"} lists for every EC tool the accuracy analyses that were performed in the accompanying publication. Even though all tools were evaluated for their ability to reduce sequencing errors, their ability to improve the genome assembly process is either lacking or performed with older assembly tools. Also, recent review papers on EC tools \[[@CR23], [@CR24]\] did not contain such analyses. Table 1List of EC tools evaluated in this paperEC toolAlgorithmData structureIndel supportAccuracy analysisAssembly analysisYearACE*k*-mer*k*-mer trieRead level-2015BayesHammer*k*-merHamming graphRead levelSPAdes2013BFC*k*-merBloom filterRead levelVelvet, ABySS \[[@CR34]\]2015BLESS 2*k*-merBloom filterRead levelGossamer \[[@CR35]\]2016Blue*k*-merHash table$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\checkmark $\end{document}$Read levelVelvet2014FionaMSASuffix tree$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\checkmark $\end{document}$Base level-2014KarectMSAPartially-ordered graph$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\checkmark $\end{document}$Read, base levelVelvet, SGA, Celera \[[@CR36]\]2015Lighter*k*-merBloom filterRead levelVelvet2013Musket*k*-merBloom filterBase levelSGA2013RACER*k*-merHash tableRead level-2013SGA-ECMSASuffix arrayRead levelSGA2012Trowel*k*-merHash tableRead, base levelVelvet, SOAPdenovo \[[@CR37]\]2014The algorithmic approach is either *k*-mer spectrum based ('*k*-mer') or multiple sequence alignment based ('MSA'). Tools can be further classified according to data structure and heuristics used. Some tools are able to correct insertions or deletions. In their accompanying publication, all tools were assessed directly on their ability to reduce error rate, either on the read or base level. Most tools did not use assembly analyses with modern assemblers in their evaluation. SPAdes was used for the evaluation of BayesHammer, but no comparison was made with assembly results from uncorrected data

In this paper, we review twelve recently published EC tools. We compiled a benchmark suite of eight public datasets sequenced from organisms with a genome size ranging from 2 to 116 Mbp and assessed the performance of the different EC tools both on their potential to correct the sequencing errors and on their ability to improve assembly results using four assemblers (DISCOVAR \[[@CR25]\], IDBA \[[@CR26]\], SPAdes \[[@CR27]\] and Velvet \[[@CR4]\]). We discuss the impact on the resulting assembly quality and investigate systematic errors in some of the EC tools. Finally, computational efficiency (memory usage and runtime) of the different EC tools is discussed. Note that the effect of error correction for other applications such as variant calling is beyond the scope of this paper.

Methods {#Sec2}
=======

Error correction tools {#Sec3}
----------------------

Twelve state-of-the-art (published in 2012 or later) EC tools for Illumina data were included in this review and listed in Table [1](#Tab1){ref-type="table"}. We were unable to produce corrected reads with QuorUM and EC and hence these tools were excluded in this study.

EC tools have been classified according to their underlying algorithmic principles in several review papers \[[@CR22], [@CR23], [@CR28]\]. In Table [1](#Tab1){ref-type="table"}, tools were classified according to their main algorithmic approach: *k*-mer spectrum based or multiple sequence alignment (MSA) based. The *k*-mer spectrum based tools operate on the level of individual *k*-mers. First, the complete set of *k*-mers that occur in the input data and their corresponding frequency is determined. Second, reads that contain rarely occurring *k*-mers are assumed to contain sequencing errors and are modified, using a minimum edit distance strategy, such that these *k*-mers are replaced by similar, more frequently occurring *k*-mers. In contrast, MSA-based tools operate on the level of reads. First, reads that are assumed to represent overlapping genomic regions are clustered together and a consensus is obtained through multiple alignment. Second, reads are corrected according to the consensus alignment. While all EC tools considered in this review rely on either of these two approaches, there is still a great diversity in the specific implementation heuristics and data structures (bloom filter, hash table, suffix tree, ...).

Most tools require users to specify a *k*-mer length to be used during the error correction procedure. The optimal value can differ from one dataset to another, depending on the coverage, genome size and error distribution. This optimal value was empirically obtained by running the EC tool multiple times with different *k*-mer sizes and selecting the *k*-mer size that yields the most contiguous SPAdes assembly results as measured in terms of N50. This optimal value was used to produce the results of Table [4](#Tab4){ref-type="table"}. For all other tables and figures, the default or recommended *k*-mer size was used for all datasets. Parameters and settings are provided in Additional file [1](#MOESM1){ref-type="media"}: Section 1. All tools support multithreading, and with the exception of ACE and RACER, the number of parallel threads can be specified. Those tools were run with 32 threads. Runtime and peak memory usage were measured with the GNU 'time -v' command. We recorded elapsed (wall clock) time and peak resident memory usage. All tools were run on a machine with four Intel(R) Xeon(R) E5-2698 v3 @ 2.30 GHz CPUs (64 cores in total) and 256 GB of memory.

Data {#Sec4}
----

Tools are benchmarked on eight datasets for which both a high quality reference genome and real Illumina data are publicly available (see Table [2](#Tab2){ref-type="table"}). Genome sizes range from 2 Mbp (*Bifidobacterium dentium*) to 116 Mbp (*Drosophila melanogaster*) while read coverage varies from 29 X to 612 X. Data is produced by the Illumina HiSeq, MiSeq and GAII platforms with read lengths varying between 100 bp and 251 bp. Two of the datasets have a variable read length due to read trimming, all other datasets have fixed read lengths. Table 2Real datasets used for the evaluation of EC toolsAbbr.OrganismReference IDGenome sizeCov.Sequencing platformRead lengthTrimmed readsDataset IDRef.D1*Bifidobacterium dentium*Nc013714.12.6 Mbp373 XIllumina MiSeq251 bpSRR1151311\[[@CR23]\]D2*Escherichia coli K-12 DH10B*NC0104734.5 Mbp418 XIllumina MiSeq150 bpIll. Data library\[[@CR10]\]D3*Escherichia coli K-12 MG1655*NC0009134.5 Mbp612 XIllumina GAII100 bpERA000206\[[@CR10]\]D4*Salmonella enterica*NC011083.14.7 Mbp97 XIllumina MiSeq239 bp$\documentclass[12pt]{minimal}
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To assess the performance of tools on simulated data, synthetic Illumina reads for the same set of organisms were generated using ART \[[@CR29]\]. The same coverage and read lengths were used as for the real data (Additional file [1](#MOESM1){ref-type="media"}: Section 2). ART also generates a corresponding set of error-free reads, which greatly facilitates the evaluation of EC tools on synthetic data.

Error metrics {#Sec5}
-------------

The error rate is the ratio of the total number of sequencing errors (substitutions or indels) and the number of nucleotides in the input data. Error correction performance is measured as follows: true positives (TP) correspond to corrected errors; true negatives (TN) correspond to initially correct bases left untouched; false positives (FP) correspond to newly introduced errors; false negatives (FN) correspond to unidentified errors. The error correction gain (EC gain) is defined as: $$\documentclass[12pt]{minimal}
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The EC gain measures the degree in which the error rate is reduced. A gain of 100% means all errors were corrected and no new errors were introduced. The sensitivity (true positive rate -- TPR) is defined as follows: $$\documentclass[12pt]{minimal}
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Evaluation of assembly results {#Sec6}
------------------------------

To assess the impact of error correction on *de novo* assembly results, the following assemblers were used: DISCOVAR, IDBA, SPAdes and Velvet. All four assemblers have built-in error correction functionality. Velvet, IDBA and SPAdes remove erroneous *k*-mers through the identification of parallel paths ('bubbles' and 'tips') in the de Bruijn graph. SPAdes and IDBA iteratively increase the *k*-mer size. This way, they take advantage of shorter *k*-mers for a sensitive detection of overlap between reads and of longer *k*-mers for dealing with repeat resolution. DISCOVAR uses a different methodology: for each read, a group of 'true friends' is determined. These are reads that share a *k*-mer with the read and that do not have a high quality base difference with the read. DISCOVAR then corrects each read based on the consensus sequence obtained from the multiple sequence alignment of its true friends.

We investigated the underlying causes of suboptimal assembly results after error correction. MUMmer \[[@CR30]\] was used to align contigs, and to check if the contig has no structural misassemblies. In order to determine the *k*-mer frequencies Jellyfish \[[@CR31]\] was used.

Results and discussion {#Sec7}
======================

Ability of EC tools to correct sequencing errors {#Sec8}
------------------------------------------------

In order to estimate the reduction in error rate through the use of EC tools, both uncorrected and corrected data were aligned to the corresponding reference genome using BWA \[[@CR32]\]. For all datasets D1-D8 and EC tools, the fraction of reads that align with respectively *m*=0 and *m*\>9 mismatches is reported in Additional file [1](#MOESM1){ref-type="media"}: Section 3.1. All EC tools are able to substantially reduce the number of mismatches required for read alignment. This is especially true for bacterial genomes, where often \>95% of the corrected reads show perfect alignment with the reference. In contrast, for larger genomes, this is typically in the range of 60--80%. Error correction also reduces the fraction of highly erroneous reads (i.e., reads that require more than 9 mismatches to align), albeit to varying degrees. For the largest dataset D8 (*D. melanogaster*), Fig. [1](#Fig1){ref-type="fig"} provides a more detailed breakdown of the number of mismatches *m* required for read alignment. Initially, about 50% of the uncorrected reads perfectly align. ACE shows the highest increase of this figure to 60.14%. ACE also has the lowest percentage of highly erroneous reads. Fig. 1Mismatches in read alignment. Classification of (un)corrected reads for *D. melanogaster*, based on the number of mismatches in their alignment to the reference genome

After applying error correction to a read, there is no guarantee that BWA will again align that read to the same genomic location. Therefore, this evaluation metric might favor overly aggressive EC tools that transform reads into similar reads that do exist in the genome, but that do not represent the actual sequenced genomic region. Therefore, in an alternative evaluation metric, we assume that the error-free read is represented by the segment of the reference genome to which the uncorrected read aligns. Uncorrected reads that can not be mapped to the reference genome are excluded from this evaluation. As BayesHammer and BLESS 2 do not provide a one-to-one correspondence between input and output, they are not included in this evaluation.

Table [3](#Tab3){ref-type="table"} shows the EC gain, the percentage of corrected errors and the number of newly introduced errors per Mbp of read data for each of the eight datasets. Detailed confusion matrices are provided in Additional file [1](#MOESM1){ref-type="media"}: Section 3.2.2. Major differences in EC gain can now be observed between the different EC tools. All EC tools perform much better on the smaller bacterial genomes (D1-D5), than on the larger eukaryotes (D6-D8). For all datasets, Karect shows the highest number of true positives (errors that were successfully corrected) and the lowest number of false negatives (uncorrected errors). With the exception of dataset D7 (*C. elegans*) and D8 (*D. melanogaster*), Karect also has the lowest number of false positives (newly introduced errors). Overall, Karect has the highest error correction gain for all datasets. Table 3Accuracy comparison of EC tools in terms of EC gain, percentage of corrected errors, and number of newly introduced errors per Mbp of read dataD1D2D3D4D5D6D7D8Error correction gain (%) ACE96.397.998.796.291.141.7-3.325.9 BFC78.784.380.281.478.652.863.324.1 Blue98.598.898.796.795.451.165.228.8 Fiona87.494.697.585.591.455.065.829.8 Karect99.499.899.798.598.263.175.534.3 Lighter85.493.892.580.184.645.750.321.7 Musket91.393.693.488.087.149.559.223.5 RACER92.394.497.088.394.017.432.622.3 SGA-EC55.367.245.553.165.248.760.623.0 Trowel38.449.438.840.546.813.21.110.5Percentage of corrected errors (sensitivity) ACE97.798.599.298.097.061.373.834.5 BFC78.884.480.281.478.754.163.824.7 Blue98.799.399.197.095.759.970.631.4 Fiona87.594.897.785.591.760.671.731.5 Karect99.499.999.798.598.264.476.735.5 Lighter85.594.092.780.286.348.959.124.3 Musket91.393.693.488.187.352.965.326.4 RACER92.995.898.289.094.859.268.234.0 SGA-EC55.367.245.553.165.350.461.323.2 Trowel39.049.943.440.947.623.631.211.8Number of errors introduced per Mbp ACE442340151194121723751123 BFC23723831573 Blue820303110547167341 Fiona271469347183218 Karect013118036157 Lighter2614856202273332 Musket12536214190383 RACER2162975827260310971524 SGA-EC136231052224 Trowel21263764125647930172

For most datasets, BFC, SGA-EC and Trowel correct significantly fewer sequencing errors compared with other EC tools. BFC and SGA-EC appear to be conservative as they introduce only a small number of new errors. In contrast, ACE, Racer and Trowel often introduce a significant amount of new errors. Note that for dataset D7, the EC gain of ACE is negative, indicating a higher number of sequencing errors after error correction than in the uncorrected data: ACE successfully corrects about 10.8 million errors but introduces almost 11.3 million new errors.

For comparison, *artificial* data was generated for the eight genomes using the same read length and coverage as the corresponding real datasets. Data was corrected using identical settings as before. The confusion matrix and derived metrics can be unambiguously constructed for artificial data since the true, error-free read is known (see Additional file [1](#MOESM1){ref-type="media"}: Section 3.2.3). BFC now shows the highest gain for four datasets, while Karect and Fiona each have the highest gain for two datasets. The numbers indicate that EC tools perform much better on artificial data than on real data. This is due to the fact that simulated data are produced according to simplified models that may fail to capture the intricacies of real data.

Ability of EC tools to improve genome assembly {#Sec9}
----------------------------------------------

To evaluate the effect of error correction on *de novo* genome assembly, both uncorrected and corrected reads were assembled using respectively DISCOVAR, IDBA, SPAdes and Velvet. The resulting assemblies were evaluated using QUAST \[[@CR33]\] and detailed reports for all combinations of assemblers and EC tools are provided in Additional file [1](#MOESM1){ref-type="media"}: Section 4 for reference. We found that SPAdes and DISCOVAR consistently produced higher quality contigs than Velvet and IDBA. We were unable to produce assemblies with DISCOVAR using the reads that were corrected by Trowel and Fiona. Therefore, only SPAdes assemblies are discussed in detail in the remainder of this section.

Table [4](#Tab4){ref-type="table"} shows the contig and scaffold NGA50 values for all eight datasets and EC tools. For the EC tools that allow the *k*-mer size to be specified, the optimal value of *k* was used (see Additional file [1](#MOESM1){ref-type="media"}: Section 1). The NGA50 represents the characteristic length of the assembled contigs/scaffolds that can be contiguously aligned to the reference genome. These contigs/scaffolds thus contain no major structural assembly errors and a higher NGA50 hence implies a less fragmented assembly. For smaller genome sizes (datasets D1-D5), the prior application of EC tools often does not significantly influence the scaffold NGA50. For dataset D3, many tools are able to improve the contig NGA50, sometimes significantly. Remarkably, for dataset D5 (*P. aeruginosa*) most EC tools lead to a somewhat lower scaffold NGA50 compared to the assembly result obtained from uncorrected data. However, the NGAx plot of this dataset reveals no major differences in assembly quality between corrected and uncorrected reads (see Additional file [1](#MOESM1){ref-type="media"}: Section 4.3.5). For the larger genomes, the use of EC tools does occasionally improve assembly results, especially on dataset D6 (Human, chr. 21) where eight out of twelve EC tools lead to a higher scaffold NGA50. On the largest datasets D7 and D8 however, error correction may significantly deteriorate the assembly quality. In some cases, the NGA50 obtained is less than half of the corresponding value on uncorrected data. Table 4NGA50 of respectively contigs (top) and scaffolds (bottom) assembled by SPAdes before and after error correctionToolsD1D2D3D4D5D6D7D8Contig NGA50 Uncorrected397 39292 570119 253231 409264 8818 5596 42950 484 ACE397 392 =92 570 =125 608 *↑*231 409 =264 881 =8 771 *↑*3 143 $\documentclass[12pt]{minimal}
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Especially for dataset D8 (*D. melanogaster*), the prior use of different EC tools results in a large variability in assembly quality (see Fig. [2](#Fig2){ref-type="fig"}). Only Blue, Karect and SGA-EC improve the NGA50 for this dataset. In contrast, error correction with ACE, BLESS 2, Fiona or RACER leads to significantly shorter scaffolds. Additionally, a lower percentage of the genome was found to be covered by scaffolds and a higher rate of insertions, deletions and mismatches was observed (see Additional file [1](#MOESM1){ref-type="media"}: Section 4). Fig. 2SPAdes assemblies. SPAdes assembly results for *D. melanogaster* for (un)corrected data. Scaffolds with length NGAx or larger contain x% of the genome

At this point it should be stressed that error correction does consistently lead to substantially better assembly results for Velvet or IDBA. However, in our hands, the NGA50 values obtained with Velvet or IDBA were much lower than with SPAdes or DISCOVAR. Even after error correction, Velvet and IDBA yield significantly shorter contigs than SPAdes or DISCOVAR. From this we conclude that the built-in error correction procedures in Velvet and IDBA are less accurate than those in SPAdes and DISCOVAR.

Error rate versus assembly quality {#Sec10}
----------------------------------

Even though EC tools almost always reduce the error rate in the input data, they do not necessarily lead to better assemblies. In order to better understand these contrasting observations, we investigated why the use of corrected data can lead to a more fragmented assembly. For the largest dataset (D8), the two largest contigs (\> 400 kbp each) that were correctly assembled from uncorrected data were selected. The corresponding (shorter) contigs obtained from assemblies on corrected data were aligned to these contigs and visualized in Fig. [3](#Fig3){ref-type="fig"}. With the exception of Trowel, all error correction tools lead to a more fragmented assembly of at least one of these contigs. Breakpoints, i.e., endpoints of the shorter contigs, caused by error correction do not appear to occur at random positions. Rather, different EC tools often cause breakpoints at the same positions. For example, in Fig. [3](#Fig3){ref-type="fig"}, the breakpoints marked as 'A' and 'B' each occur in four cases. Fig. 3Fragmented assembly using corrected data. Contigs assembled from corrected data are aligned to the largest (*top*) and second largest (*bottom*) contig obtained from uncorrected data. Different colors denote different contigs. *Black bars* indicate the location of lost true *k*-mers in the contigs. This indicates a possible causal relationship between lost true *k*-mers and the breakpoints in the assemblies of corrected data

In order to identify the mechanisms that cause breakpoints, the *k*-mer spectrum of both corrected and uncorrected data along the two contigs was examined. In this section, *k*=21 is used throughout, as it corresponds to the smallest *k*-mer size that is used to establish overlap between individual reads by the multi-*k* SPAdes assembler. In Fig. [3](#Fig3){ref-type="fig"}, black bars visualize the locations of 'lost true 21-mers', i.e., 21-mers that do exist in the reference sequence (hence 'true') and also do exist in the uncorrected data but that are no longer present in the corrected data (hence 'lost'). Lost true *k*-mers hence refer to those *k*-mers that were systematically, but erroneously removed during error correction. In many cases, lost true 21-mers occur in the direct vicinity of breakpoints, indicating a possible causal relationship between lost true 21-mers and these breakpoints (see Fig. [3](#Fig3){ref-type="fig"}).

To varying degrees, all EC tools suffer from lost true *k*-mers. For dataset D8, Fig. [4](#Fig4){ref-type="fig"} shows the 21-mer spectrum of the uncorrected data, along with the lost true 21-mer spectrum for the individual EC tools. Unsurprisingly, true *k*-mers are almost exclusively lost when their corresponding coverage in the uncorrected data is low. Indeed, a lower than expected coverage is an important feature for EC tools to select candidate errors. Trowel and SGA-EC appear most conservative in terms of lost true *k*-mers: almost no true 21-mers that occur \> 2 times are removed. In contrast, ACE, BLESS 2, Musket and RACER remove a significant number of true 21-mers, some of which occur \> 10 times in the initial data. These EC tools lead to a more fragmented assembly, which becomes especially evident for the second biggest contig (cfr. Fig. [3](#Fig3){ref-type="fig"}). Fig. 4Lost true 21-mers spectrum. For dataset D8, this figure shows the 21-mer spectrum of the uncorrected data, along with the lost true 21-mer spectrum for all EC tools. EC tools erroneously remove low frequency true 21-mers during error correction

In principle, a lost true *k*-mer should not necessarily lead to a breakpoint. If all reads that initially contain the lost true *k*-mer(s) are modified in a consistent manner, the assembler will still be able to correctly identify the overlap between those reads and the lost true *k*-mers would appear as mismatches in the resulting assembly. In practice, the lost true *k*-mers will likely be replaced by *k*-mers that actually occur elsewhere in the genome and the genome assembler will be challenged by a spurious repeat that it may or may not be able to resolve. Vice versa, not all breakpoints due to error correction are directly related lost true *k*-mers. The ill-correction of reads could potentially only lead to a decrease in coverage without losing the true *k*-mer in all reads. This can still result in a breakpoint.

In practice however, we find that breakpoints due to error correction are often related to lost true *k*-mers (cfr. Fig. [3](#Fig3){ref-type="fig"}). Further inspection revealed that true *k*-mers are typically lost in regions that suffer from poor coverage in the direct vicinity of a local coverage peak. Often, such sudden increase in coverage is caused by the presence of a short repeated element. For example, Fig. [5](#Fig5){ref-type="fig"} shows a genomic region with low *k*-mer coverage (around 7 X) that contains a repeated *k*-mer with coverage 35. This repeated *k*-mer also occurs in other reads that originate from different genomic locations. We can therefore assume that the EC tool makes erroneous decisions based on the sequence content of these reads. In this example, ACE makes a large number of substitutions in originally error-free reads causing 75 consecutive lost true *k*-mers. Clearly, the error correction procedure is not performed in a consistent manner for all reads, rendering the assembler unable to detect overlap between these reads and ultimately leading to a breakpoint. For the same reasons, BLESS 2 and RACER also break at this specific location. Fig. 5Alignment of uncorrected and ACE-corrected reads in the neighborhood of a contig breakpoint: The first track shows the 21-mer coverage of the uncorrected data. The second track (*Ref*) contains part of the reference genome, which is assembled into one contig from uncorrected data. A repeated 21-mer is indicated in *red*. The third track (*Uncorrected*) shows the alignment of the uncorrected, but error-free reads to the reference. The fourth track (*Corrected*) uses these same alignment positions, but with the sequence content of the corrected reads. Newly introduced errors are indicated by a character in the reads. The *rectangle* in the fourth track indicates 75 overlapping 21-mers that are lost as a result of erroneous error correction

As a second example, Fig. [6](#Fig6){ref-type="fig"} shows a short 22 bp long AT repeat with very high coverage (nearly 14 000 X), in a genomic region with otherwise low coverage. Musket introduces a new error in two out of four overlapping reads. Within this specific context, these substitutions cause a number of true *k*-mers to be lost. More importantly, because the error correction is not performed in an identical manner across all four reads overlapping this locus, the overlap is broken and a breakpoint is introduced. Similarly, due to the same AT repeat, Fiona introduces errors that result in a number of lost true *k*-mers. In this case however, the newly introduced errors result in mismatches in the assembled sequence rather than a breakpoint. Fig. 6Alignment of uncorrected and corrected reads by Musket and Fiona in the neighborhood of a contig breakpoint: Lost true *k*-mer can result in two different scenarios. The first track shows the 21-mer coverage of the uncorrected data. The second track (*Ref*) shows a part of the reference genome, which is assembled into one contig from uncorrected data. A frequently occurring AT-repeat is indicated in *red*. The third track (*Uncorrected*) shows the alignment of the uncorrected reads to the reference. The fourth and the fifth tracks (*Corrected Musket* and *Corrected Fiona*) use these same alignment positions, but with the sequence content of corrected reads by Musket and Fiona. The sixth track is the assembled contig from corrected reads by Fiona. The *rectangles* indicate the regions in corrected reads by Musket and Fiona that no longer contain any true 21-mers. The coverage is low around an 'AT' repeat with coverage 13750x in the uncorrected data. Musket incorrectly changed two bases, breaking the connection between two groups of reads. In contrast, in the Fiona-corrected reads, the connection is not lost. Instead the lost true *k*-mers in Fiona appear as mismatches in the assembled contig

From these examples, the limitations of *k*-mer spectrum based error correction tools become evident. Due to their primary focus on individual *k*-mers, they do not take into account the surrounding context in which the *k*-mer occurs. Because these tools correct reads individually, different corrections may be applied to different reads even though the reads overlap the same genomic region. This may render de Bruijn graph assemblers unable to detect overlap between those reads. In that respect, error correction tools that rely on multiple sequence alignments (MSA) are in principle less susceptible to this kind of error. As overlapping reads are clustered and aligned, the error correction is systematic across those reads. MSA-based tools indeed yield higher NGA50 values on average.

These results demonstrate that evaluating error correction tools directly on their ability to reduce error rate has significant limitations as there is often no clear correlation between such metrics and the ability to improve assembly. For example, on datasets D8, ACE ranked fourth in terms of gain and showed the highest number of corrected reads that align error-free to the reference genome. Yet, ACE-corrected reads do not lead to good assembly results on this dataset.

We should emphasize that error correction is not always destructive: EC tools can improve the quality of assembly in certain cases. For example, even though Karect also suffers from a significant number of 'lost true *k*-mers' (see Fig. [4](#Fig4){ref-type="fig"}), the tool leads to the highest NGA50 values in many cases (see Table [4](#Tab4){ref-type="table"}). Again for dataset D8, we selected the longest contig (\> 500 kbp) that was correctly assembled from corrected data by Karect and aligned the corresponding (shorter) contigs obtained from assemblies on uncorrected data. A specific case where Karect removes errors that subsequently lead to the correct connection between two contigs is shown in Additional file [1](#MOESM1){ref-type="media"}: Section 5.

Time and space requirements {#Sec11}
---------------------------

Figures [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"} show the memory usage and runtime of the EC tools (see Additional file [1](#MOESM1){ref-type="media"}: Section 6.1 for detailed tables). Since it is not possible to specify the number of threads for ACE and RACER, they were omitted. For all datasets, BayesHammer, Fiona and Karect use significantly more memory than other tools while BayesHammer, Fiona, Karect, Musket, and SGA-EC have a relatively high runtime. In general, we note that all tools that rely on multiple sequence alignments require more resources. The tools that rely on Bloom filters (BLESS 2, Lighter and BFC) are both memory efficient and fast. Fig. 7Peak memory usage of the EC tools Fig. 8Runtime of the EC tools

Given the reduced error in the input data, we evaluate the potential of error correction tools to reduce the peak memory usage and/or runtime of the assembly process itself. Since error correction is computationally intensive, this may be an important aspect of error correction tools. Peak memory usage and runtime were measured for all assemblies with SPAdes and DISCOVAR (Additional file [1](#MOESM1){ref-type="media"}: Figures S3--S6). The runtime of DISCOVAR shows no decrease after error correction, while the peak memory usage decreases slightly. Conversely, the runtime of SPAdes does decrease after error correction, but the peak memory usage does not.

The peak memory usage and runtime tables for artificial data show that Lighter and SGA-EC are again among the most memory-efficient tools, while Karect and Fiona consume more memory than any other tools. Lighter is the fastest tool followed by BLESS 2 in all the cases (Additional file [1](#MOESM1){ref-type="media"}: Section 6.2).

Conclusions {#Sec12}
===========

The performance of different EC tools was compared using two approaches: the ability of EC tools to correct sequencing errors in Illumina data, and the effects of those corrections on the resulting *de novo* genome assembly quality. We found that EC tools correct a significant fraction of sequencing errors. However, state-of-the-art Illumina assemblers do not always appear to benefit from this. The assembly results for eight different datasets with SPAdes and DISCOVAR show that the prior application of EC tools often does not lead to a significant increase in NGA50, and in fact may result in a lower NGA50. Many erroneous corrections occur in regions that have low read coverage and in the vicinity of highly frequent repeats. Due to the low coverage, error correction tools incorrectly assume the presence of sequencing errors. The repeated elements on the other hand cause erroneous substitutions to be applied. A too aggressive and/or inconsistent transformation of such reads in such region may lead to loss of information from which no recovery is possible during the assembly process. This inevitably leads to an increased assembly fragmentation. Additionally, the prior use of EC tools does not lead to a major decrease in overall runtime and/or memory requirements compared with the assembly from uncorrected data.

From a methodological point of view, multiple sequence alignment (MSA) based methods might have an advantage over methods that operate on isolated *k*-mers. MSA-based methods take multiple reads into account when applying substitutions and hence appear to make more consistent corrections across overlapping reads.

We recommend future EC tools to be primarily evaluated on their ability to improve assembly results using state-of-the-art assemblers and sufficiently large datasets. Only a relatively small fraction of sequencing errors are truly impacting the assembly process. It is the behavior of the error correction tool on precisely these cases that will ultimately determine its degree of success.

Additional file {#Sec13}
===============

Additional file 1Supplementary Data. Evaluation of the impact of Illumina error correction tools on de novo genome assembly. (PDF 628 kb)
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